Novel chitosan-based adsorbent materials were synthesized using a trifunctional reagent as a crosslinker and the adsorption capability of the resulting polymers towards two acid dyes and several metal ions was evaluated. The crosslinked chitosan with the lowest degree of substitution showed a very high adsorption capability towards CI Acid Orange 7. Decreasing the degree of substitution and the pH of the dye solution led to an increase in the adsorption capability. The crosslinked chitosan with the lowest degree of substitution exhibited quite remarkable adsorption powers towards the Cu 2+ ion. Such adsorption towards divalent metal ions decreased in the following sequence: Cu 2+ >> Ni 2+ > Cd 2+ , Pb 2+ , Ca 2+ .
INTRODUCTION
Chitosan is a polymer of β-1,4-linked-2-amino-2-deoxy-D-glucopyranose prepared by the N-deacetylation of chitin in an aqueous alkaline solution. Although the polymer is attracting increasing attention for industrial use, it has the disadvantage of ready dissolution in an acidic medium. For this reason, it is necessary to improve its stability in an acidic environment through chemical modification by grafting, crosslinking and/or other methods.
We have synthesized novel chitosan-based adsorbent materials using a higher fatty diacid diglycidyl as a crosslinker and evaluated the adsorption capabilities of the resulting polymers towards typical acid dyes (Shimizu et al. 2003) . These materials showed excellent adsorption capabilities. However, during the crosslinking reaction, the diglycidyl group in the crosslinker also reacted with the amino groups in the chitosan, leading to a decrease in the number of the adsorption sites for acid dyes. 1,3,5-Triacryloylhexahydro-1,3,5-triazine (TAT) can react in alkaline solution with the hydroxyl groups in cellulose (Kimura et al. 1982) . Consequently, we have now synthesized a new chitosan-based adsorbent by reacting TAT with chitosan in an alkaline solution, where the TAT was mainly reacted with the hydroxyl group. As a result, the amino groups in the chitosan remain unreactive. Moreover, through quaternization in the acidic solution, the nitrogen atoms in the hexahydrotriazinyl group may produce an additional site towards the adsorption of the acid dye.
In this study, the adsorption capabilities of the chitosans crosslinked with TAT towards acid dyes have been evaluated along with their resulting adsorption capabilities towards several divalent metal ions.
EXPERIMENTAL

Materials
Chitosan was obtained from Funakoshi Chemical, Tokyo, Japan while the crosslinking agent, 1,3,5-triacryloylhexahydro-1,3,5-triazine (TAT), was supplied by the Daito Chemical Industry Co. Ltd., Osaka, Japan. These materials were used without further purification. CI Acid Orange 7 and CI Acid Red 88 were employed as typical acid dyes, these dyes being the same as used previously (Shimizu et al. 2003) . In the following sections, the names of these dyes have been abbreviated to Acid Orange 7 and Acid Red 88. The chemical structures of the crosslinking agent and the dyes studied are shown in Schemes 1 and 2, respectively. The standard metal ion solution (1.0 g/l concentration) used for atomic absorption analysis was obtained from Wako Pure Chemicals (Osaka, Japan).
Crosslinking of chitosan
The synthesis of crosslinked chitosan was carried out by a procedure similar to that described previously (Shimizu et al. 2000) . Thus, chitosan (5.0 g) and TAT (5.0 g) were dissolved or 30 Y. Shimizu et al./Adsorption Science & Technology Vol. 24 No. 1 2006 suspended in 100 ml of 0.1 M NaHCO 3 /Na 2 CO 3 solution (pH 11.0) and the resulting solution refluxed for 90 min at 80°C. The molar ratio between the vinyl groups in TAT and the hydroxyl groups in chitosan was varied to enable three crosslinked chitosans having different degrees of substitution to be prepared. After completion of the reaction, the resulting solution was filtered while hot through a glass filter and the precipitate thus separated washed sequentially with water and acetone. After drying in vacuo, the resulting solid was ground to a powder with a typical particle size of 100-300 µm.
Adsorption of acid dyes onto crosslinked chitosans
The adsorption of acid dyes onto the crosslinked chitosans was examined by the method mentioned previously (Shimizu et al. 2003) . Thus, a known weight (0.015 g) of a given crosslinked chitosan was added to 200 ml of a dye solution at the prescribed pH (obtained using a 0.1 mol/l buffered solution as the total electrolyte concentration) at 40°C, and the mixture stirred until equilibrium had been established. The time necessary for the establishment of equilibrium was determined by examining the relationship between the amount adsorbed and the adsorption time under constant conditions as mentioned below. After the adsorption process, a portion of the solution was poured into a test tube and centrifuged at 3500 rpm for 30 min at room temperature. The dye concentration of the supernatant liquid was determined colorimetrically via measurements made at the appropriate maximum wavelength, λ max , in each case, the mean error in such adsorption measurements being ± 3%.
Adsorption of metal ions onto crosslinked chitosans
Metal ion solutions (50 ml volume) were prepared at various concentrations and 0.05 g of the adsorbent added to the solution. The solutions, whose pH values had been adjusted to 6.0 in advance, were then stirred for 72 h at 30°C. After adsorption, a portion of the solution was poured into a test tube and centrifuged for 30 min at room temperature, following which the supernatant liquid was analyzed by inductively coupled plasma spectroscopy (SPS 4000, Seiko Electronic Industry Co., Tokyo, Japan) to determine the concentration of unadsorbed metal ions.
RESULTS AND DISCUSSION
Characterization of crosslinked chitosan
To confirm that the reaction of TAT with chitosan had been successful, measurements were made of the differential IR spectrum between the original chitosan and that obtained after reaction with TAT via a Fourier-transform infrared spectrophotometer (FT-IR instrument, model 430, JASCO, Tokyo, Japan). Figure 1 shows the differential IR spectrum thus obtained. The new peak at 1669 cm -1 in this spectrum was assigned to the carbonyl group while that at 1241 cm -1 was assigned to the C-N bond in the TAT moiety. It should be noted that the intensity of the peaks at 3435 cm -1 and 1082 cm -1 assigned to the hydroxyl group (Shanmugasundaram et al. 2001) decreased, indicating that the reaction between the chitosan and TAT had been successful. In addition, even when reacted to the smallest extent with TAT, the resulting chitosan derivative could not be dissolved in formic acid or 10% acetic acid solution whereas the parent material dissolved readily. This demonstrates the successful formation of a crosslinked structure.
The degree of substitution (%) of the hydroxyl group in chitosan by TAT was determined from the C/N ratio (where C and N are the carbon content and the nitrogen content, respectively) for the resulting crosslinked material employing a Yanako CHN Corder MT-5 (Yanagimoto Seisakusyo Co., Tokyo, Japan) for such analytical determinations. Table 1 shows the results of the elemental analysis of the crosslinked chitosans and the degrees of substitution determined therefrom. Figure 2 shows the relationship between the amount adsorbed and time for the adsorption of Acid Orange 7 onto the crosslinked chitosans in an acetate buffer solution of pH 5.0 at 40°C. It will be noted that the time necessary for adsorption was longer (6-7 d) for the crosslinked chitosan 32 Y. Shimizu et al./Adsorption Science & Technology Vol. 24 No. 1 2006 having the higher crosslinking density (TC-2), but shorter for that with the lower crosslinking density (ca. 6 h for TC-3).
Relationship between the amount adsorbed and the adsorption time
A similar relationship was also examined for the adsorption of metal ions onto the crosslinked chitosans. As shown in Figure 3 , equilibrium was established within 4 d for TC-2 whereas with TC-1 such equilibrium had not been attained even after 9 d. This difference in adsorption rate may be attributed to the following variables: the physical structure of the adsorbent, the size of adsorbate and the adsorption mechanism (mainly ionic or coordinate bonding). 
Effect of the degree of substitution of the chitosan on dye adsorption
The adsorption behaviour of Acid Orange 7 onto three crosslinked chitosans with different degrees of substitution was also examined in an acetate buffer solution of pH 5.0 at 40°C. From the corresponding adsorption isotherms depicted in Figure 4 , it is clear that the adsorption capabilities of the crosslinked chitosans decreased in the order TC-3 > TC-2 > TC-1, i.e. the adsorption potential of the chitosan increased as the degree of substitution decreased.
The data depicted in Figure 4 were examined using the Scatchard equation:
(1)
where r is the dye uptake (mol/kg), C is the free dye concentration (mol/dm 3 ), K is the binding constant and n is the maximum number of adsorption sites available in the substrate. As shown in Figure 5 , a plot of r/C versus r was linear thereby indicating that the adsorption isotherm was of the Langmuir form.
In acidic solution, anionic dyes bind to the protonated amino groups in the chitosan moiety and the quaternary ammonium cations in the TAT moiety, with the linear Scatchard plot indicating that the ease of binding of dye to both sites was almost the same. The values of K and n were calculated from the slope of the line and its intercept on the abscissa, respectively, with the values of n and the first binding constant k 1 (= K• n) being listed in Table 2 . The magnitude of k 1 is a measure of the ease with which the anionic dye is bound initially (Koga et al. 1969) .
The values of k 1 listed are of the same order of magnitude as those based on the adsorption isotherms. If the number of adsorption sites is taken to be the sum of the content of amino groups and the number of moles of TAT reacted with chitosan, the theoretical values of n listed in Table 2 for TC-1, TC-2 and TC-3 postulate that one dye molecule was bound to one TAT moiety in the crosslinked chitosan. The difference between the experimental and theoretical values given in The effect of the introduction of the TAT moiety onto the chitosan is quite remarkable. Thus, the value of n for TC-3 exceeded that for a chitosan crosslinked with glutaraldehyde quite considerably under the same conditions (n = 2.32 mol/kg) (Shimizu et al. 1998 ).
Effect of pH on the adsorption of dyes onto crosslinked chitosans
The effect of pH on the adsorption of Acid Orange 7 by TC-3 was examined under equilibrium conditions at 40°C, the results obtained being shown in Figure 6 . Dye uptake from aqueous solution was remarkably influenced by the pH, increasing as the pH value of the dye solution decreased. This is because acid dye molecules bind to protonated amino groups and quaternary ammonium cations in the substrate, whose concentrations increase as the solution becomes more acidic. The value of k 1 for adsorption at a pH value of 4.0 determined as mentioned above was 1.53 × 10 6 dm 3 /kg, i.e. one order of magnitude greater than at a pH value of 5.0. 
Effect of the structure of the acid dye on its adsorption onto crosslinked chitosans
The adsorption of CI Acid Red 88 by TC-3 was measured at 40°C using an acetate buffer solution with a pH value of 6.0. The corresponding adsorption isotherm is depicted in Figure 7 together with that for CI Acid Orange 7. The affinity of CI Acid Red 88 towards the substrate was greater than that of CI Acid Orange 7 because of its more hydrophobic character arising from the presence of an additional benzene ring in the structure (Shimizu et al. 2003) . 
Effect of the degree of substitution on the adsorption of Cu 2+ ions
The adsorption behaviour of Cu 2+ ions onto two crosslinked chitosans with different degrees of substitution was examined in an acetate buffer solution of pH value of 6.0 at 30°C. Figure 8 shows the corresponding adsorption isotherms onto TC-2 and TC-3, respectively.
Once a Cu 2+ ion is adsorbed by the substrate, it cannot move readily and this prevents the penetration of other Cu 2+ ions into the inner space. The effect is larger in the adsorption of Cu 2+ ions by crosslinked chitosans with a higher degree of crosslinking. In addition, the Cu 2+ ion uptake increased as the degree of substitution decreased because the metal ions coordinate to the free amino groups in the substrate. Hence, TC-3 with a lower degree of substitution exhibited a greater adsorption capability toward Cu 2+ ions than TC-2.
Adsorption of metal ions onto crosslinked chitosans
The adsorption isotherms of five metal ions onto TC-3 were measured in an acetate buffer solution of pH value of 6.0 at 30°C. The resulting isotherms depicted in Figure 9 show that the adsorption capacity towards Cu 2+ ions was quite remarkable and that this capacity decreased in the following ion sequence: Cu 2+ >> Ni 2+ > Cd 2+ , Pb 2+ , Ca 2+ . No measurable adsorption was observed with Pb 2+ and Ca 2+ ions. On the whole, these results are the same as those obtained previously (Izumi et al. 2002) . Although the Pb 2+ ion was adsorbed to some extent on the chitosan crosslinked with a higher fatty diacid diglycidyl , such adsorption was not detected at all on TAT-crosslinked chitosans. This appears to be due to the difference in flexibility of the structure of the crosslinked materials, i.e. the former is flexible while the latter is rigid.
It was noted that the introduction of a hexahydrotriazine ring into the crosslinked structure of chitosan did not result in any additional metal ion adsorption. This is a different trend for the adsorption of an acid dye compared to that reported previously (Shimizu et al. 2000) . However, TAT-crosslinked chitosan with a low degree of substitution exhibited an appreciable adsorption capability towards Cu 2+ ions, which was comparable to that exhibited by a chitosan crosslinked with a higher fatty diacid diglycidyl ). Thus, the first binding constant, k 1 , and the number of sites, n, for the adsorption of Cu 2+ ions onto TC-3 and the corresponding values for the chitosan crosslinked with the diacid diglycidyl, with a degree of substitution of 0.15, were close to each other as shown by the data listed in Table 3 .
CONCLUSIONS
Novel chitosan-based adsorbents were synthesized by reacting a trifunctional crosslinker with chitosan and their adsorption behaviours towards two acid dyes and several divalent metal ions examined. The adsorption capacities of the crosslinked chitosans towards acid dyes were significantly enhanced by the introduction of a hexahydrotriazine ring into chitosan. Such crosslinked chitosans should have a potential use for the adsorption and recovery of anionic dyes from wastewater. In addition, these chitosan-based adsorption materials adsorbed Cu 2+ ions preferentially relative to a number of other divalent metal ions (Ni 2+ , Cd 2+ , Pb 2+ , Ca 2+ ), suggesting the strong possibility that such materials would be valuable for the separation of Cu 2+ ions from other metal ions. Crosslinked chitosans could also be applied as the novel stationary phases in liquid chromatography and other related chromatographic techniques (Saito et al. 2002 . Such studies are being currently undertaken in our laboratory together with the design and development of other promising crosslinked chitosan materials.
